The rehabilitation of forest and other woody vegetation ecosystems on mineral extraction sites is common place and a major post-mining land use throughout Australia. Owing to the need for government certification (under Australian Government and State legislation) for mine closure, monitoring of the establishing forests or other woody ecosystems is typically undertaken using agreed completion criteria which are predictive of rehabilitation future achievement. The collation and review of the monitoring results for the early development of the rehabilitated forests at three surface mines provide an opportunity to identify key processes and practices that might be used to enhance the achievements in Australia and elsewhere. The monitoring results for two rehabilitation schemes in subtropical Queensland (mineral sand and coal) and one in Western Australia (bauxite) were examined. Whilst it is evident that woody vegetation comprising several native tree and shrub species can be readily established, the resulting vegetation communities in the early development of the forest vegetation can be notably different in their composition and structure to the target and/or locally occurring native types. It is concluded that forest structural formation in combination with species composition, are of importance in establishing the predicted trajectory of the developing forest type, ecosystem, functioning, and sustainability. Species composition is likely to influence initial forest structure and the need for intervention practices, such as thinning, that may be required to achieve the necessary structural formation and ultimately the targeted native forest types. The principles established are likely to universally apply irrespective of the mineral and climatic types examined.
The purpose of this paper is to collate and review monitoring results for forest community composition and structural formation in the early development of the rehabilitated forests at three extensive mining operations in Australia. The aim is to identify key processes and practices that might enhance forest rehabilitation success in Australia and elsewhere.
Method
The rehabilitation of native forest community composition and structural formation types were examined using published and unpublished accounts, and where available, unprocessed monitoring data. Two of the three examples used were the surface mineral sands complex of mines on North Stradbroke Island and surface coal mining at the Meandu Mine near Yarraman. Both of these are located in the southeast of Queensland and have a sub-tropical climate. The third was the Huntly Mine complex, one of three active surface bauxite mines operating in the jarrah forest in the southwest of Western Australia, and has a Mediterranean climate. All three example rehabilitation sites had been restored to similar pre-mining landforms and the recovered topsoils had been replaced.
Vegetation Composition
Local Regional Ecosystem or BioCondition reference vegetation, or other target forest types or woody vegetation community data, were identified from published sources ; Department of Science, Information Technology, Innovation, and the Arts, 2012a Arts, , 2012b Neldner and Ngugi, 2014) for the two mine forest rehabilitation sites studied in Queensland. This resulted in species lists for the main tree and shrub canopy layers (i.e., the ecologically dominant T1 and T2 layers as defined by Eyre et al., 2011b) .
Vegetation descriptions for the ridge-top jarrah forest types affected by bauxite mining is set out by Koch (2007a) and these were used to identify relevant reference community types from data collected for the Huntley Mine and available for the period 1991 to 1994. Reference monitoring Plot 44, surveyed in 1991 and 1994, was selected as it could be 'paired' with the selected rehabilitated Plot 148. The threshold criterion used for identifying main species in these data sets was set at a minimum 125 stems/ha.
The selection of the rehabilitated sites depended on the necessary data being given in the publications or access to the core data collected. The Gordon Mine complex on Stradbroke Island was selected as being representative of mineral sand rehabilitation and sufficient data was extractable from the paper by , whereas this was not the case here, other sites were representative as reported by Smith and Nichols (2011) . Several sources were available for the surface coal-mine complex at the Meandu Mine (Department of Science, Information Technology, Innovation, and the Arts, 2012b; Gravina et al., (Unpublished a); Neldner and Ngugi, 2014) , however, the necessary vegetation community data was only reported by Gravina et al. (Unpublished b). For both the selected mineral sand and surface coal rehabilitated sites, the criteria of 100 stems/ha was used as indicators (Gravina et al., 2011 and Unpublished b) of the main tree and shrub canopy species present (i.e., the ecologically dominant).
For the Huntley Mine in Western Australia there was data for rehabilitated areas monitored between 1991 and 2005. For species composition, only the plots established in 1992 or later were considered to be representative of the reference and target forest types. Plot 148, rehabilitated in 1992, was selected and had species data available after 1 and 10 years. The threshold criteria used for identifying the main species in the data sets was set at 125 stems/ha.
The species composition for the reference and rehabilitated vegetation for the three study sites are presented as comparative tables.
Vegetation Structural Formation
Structural formation classes for the Queensland Regional Ecosystem or other derived types used as reference vegetation or target types for the mineral sand and coal sites have been published by the Department of Science, Information Technology, Innovation, and the Arts (2012b) and Neldner and Ngugi (2014) . The classification of Eyre et al. (2011a) was used to derive the growth form class (i.e., tree or shrub height class) and their canopy (cover) separation class.
The data provided by was used to provide the height and canopy cover data (adjusted to the 100% value) for the Gordon Mine mineral sand site, from which the structural formation classes were assigned using Eyre et al. (2011a) . Similar unworked data for the rehabilitated surface coal Meandu Mine (Gravina et al., Unpublished b) was used to derive the growth form class and the canopy classification, and Eyre et al. (2011a) to assign the structural formation classes.
Comparable data for height and canopy cover have not been part of the monitoring programme for the rehabilitation of jarrah forest at the Huntly Mine. However, separate plot data has been collected to derive 'site index curves' for predicting recoverable jarrah timber from rehabilitated areas (FORSCI, Unpublished). The curves provide estimated ranges of height from the lowest to highest yielding plots. Projective foliage cover as an estimate of canopy closure was also not monitored. This parameter was computed by Dr. Andrew Grigg of Alcoa to provide lower and upper levels which were used here to derive ranges for the canopy separation class criterion.
Whilst Plot 148 had been selected as being representative of ridge top communities, it provided species lists for only 1 and 10 years of rehabilitation. Hence, the data-set from 1991 (Plot 117) was used as a surrogate to determine the subsequent forest structural development after a 15 year period.
The structural formation classes for the reference and rehabilitated vegetation for the three study sites are presented as comparative tables.
Results

Species Composition of Reference/Target Vegetation
The areas affected by mineral sand mining on North Stradboke Island are extensive and consist of a patch-work of progressively rehabilitated mines (being indicative of the distribution of the mineral deposits) within the Island's ancient and stabilised dune system. The vegetation comprises extensive mosaics of native woody vegetation growth forms ranging from forest, woodland, scrub, shrub-land to heath (Stephens and Dowling, 2002; Specht, 2011; Stephens, 2011) . Typically, the mining-affected areas were of high biodiversity importance and high cultural significance, such that mining is to have ceased at the Yarraman Mine in 2015 and also at the Enterprise Mine in 2019, should its lease not be renewed. The aim of the rehabilitation was to re-establish native woody vegetation as close to the reference types as possible as was set out and agreed in 2006 (Smith and Nichols, 2011 , the local native community target types were largely the same as referred to by Smith and Nichols, with the addition of a fourth, Eucalyptus planchoniana a low shrubby open-forest (equivalent to RE 12.2.10).
The surface mining of coal at the Meandu Mine, Tarong, near Yarraman in the southeast of Queensland has been established for some 20-30 years over which progressive forest rehabilitation has taken place. Whilst locally there are areas of native forests of high biodiversity and plantations important for timber production, the surface mining has mainly been in areas of former Eucalyptus forest cleared for cattle ranching, thereby leaving only degraded remnants of forest that are affected (Gravina et al., Unpublished a) . The objective of post-mining rehabilitated land use was to establish a sustainable forest or woodland ecosystem using native species, with the inclusion of tree species having a potential for timber production, but not necessarily the replication of local native forest types (Gravina et al., Unpublished a).
Three 'remnant' Eucalypt types were suggested as the rehabilitation target, these were:
Eucalyptus creba -Corymbia spp -Eucalyptus tereticornis -Angophora spp woodland to openforest (approximate to Queensland RE12.9-10.18); Eucalyptus creba -Eucalyptus moluccana grassy woodland to open-forest (approximate to RE12.11.4); and Eucalyptus creba -Angophora woodland (approximate to RE 12.9-10.7). For the same location, Neldner and Ngugi (2014) identified three local Regional Ecosystem types with two of these corresponding to those identified by Gravina et al. (Unpublished a) ; these were RE12.9-10.7 and RE 12.9-10.18, with an additional type Eucalyptus crebra sparse woodland, RE12.11.7.
The mining of bauxite at the Huntly Mine is located on the extensively forested upland ridges (bearing the mineral), and is situated behind the coastal strip of Western Australia (Gardner and Bell, 2007) . The area of mining is extensive and long established, and comprises a patch-work of mined and progressively rehabilitated land within an unmined forest matrix (Koch, 2007a) .
The jarrah forest in Western Australia is a dry sclerophyll open forest to woodland of unusual composition being dominated by a mixture of two eucalypt species, jarrah (Eucalyptus marginata) and marri (Corymbia calophylla), and noted for its varied plant assemblages and diverse flora, particularly in its understory (Koch, 2007b) . The forest with its variable landscape of ridges and small valleys with swamps and ephemeral streams is regarded as being of the highest international biodiversity importance (Hopper, 2009 ). Koch (2007b) Table 1 on next page).
From the narratives of and Smith and Nichols (2011) , the rehabilitation achievement at the Gordon Mine can be reasonably assumed to be a reflection of the species sown and/or planted. After 10 to 20 years, the vegetation established comprised a mixture of some of the woody species associated with the target types, but others which were not. This applies to both the older Plot G20 and the later planting/seeding specification of the younger Plot G10.
Consequently, the later schemes were altered to reduce or exclude the seeding of Allocasuarina species and Acacia concurrens, and the inclusion of a greater range of shrub and ground-cover species (Smith and Nichols, 2011) . It is considered that the modified seeding and planting practices has resulted in an increase in similarity between the rehabilitated and target communities on account of the number of typical dominant species occurring . The effect of their inclusion is illustrated in the distinct separation between the individual target community composition and those established on the mine site (Table 1) . Any similarity to the reference/target types appears to be loose because the rehabilitated areas contained only some of the main canopy species, and besides, there was very poor representation of the small shrubs in the lower shrub layer, and ferns and graminoids in the ground layer compared with the target communities . 
Lophostemon confertus +
Corymbia gummifera + +
Allocasuarina littoralis + +
Allocasuarina torulosa +
Corymbia intermedia + Sources -# Department of Science, Information Technology, Innovation, and the Arts, (2012a) , Table 2 .
Overall, the same trends in species composition of the rehabilitated communities were recorded at the Meandu surface coal mine in the southeast of Queensland (Gravina et al., Unpublished b; Neldner and Ngugi, 2014) . They report that the target of establishing a range of native woody species has been successfully achieved, including a number of Eucalyptus and Corymbia timber species ( Table 2 ). The composition of the woody vegetation established reflected those species sown/planted and comprised a mixture of some woody species associated with the target types and others which were not. As for the previous two sites, a range of native species had established in the Huntley Mine rehabilitation example Plot 148 with a loose association between the rehabilitated area and the reference site owing to a number of atypical species being present, particularly Acacia shrub species (Table 3) . Plot 148 also exhibited a shift in the composition of the main canopy species between 1 and 10 years and in particular an increase in Acacia species. However, the two characteristic jarrah (Eucalyptus marginata) and marri (Corymbia calophylla) had established as main canopy tree species. 
Acacia urophylla +
Bossiaea ornata + +
Mirbelia dilatata +
Sphaerolobium medium +
Acacia alata +
Acacia horridula +
Billardiera fusiformis + Structural Formation of Reference/Target and Rehabilitated Forests
The structural formation class criteria set out by Eyre et al. (2011a) is used in the Queensland
Regional Ecosystem descriptions (Department of Science, Information Technology, Innovation, and the Arts, 2012a). Using this, the structural traits for the target forest vegetation types on North Stradbroke Island are set out in Table 4 . Eyre et al., (2011a) Comparing the data provided by with the structural formation class of Eyre et al. (2011a) it can be seen that within the time since rehabilitation a closed-scrub type of vegetation had established at the Gordon Mine site (Table 5 ). In contrast, the mature native target (Table 6 ). Eyre et al. (2011a) The application of the structural formation classification (Eyre et al., 2011a) indicated that in the absence of tree growth generally exceeding 10m, none of the areas rehabilitated in 1999/2000 have so far achieved the target forest or woodland structure (Table 7) . The timber Eucalyptus and Corymbia species were present in the canopy and attainment of a forest or woodland form is likely to be a matter of more time and reliance on the growth of the Notably, the ground layer in the closed-forest structural formation at the Meandu Mine was absent or very sparse, and the low-shrub layer was generally absent under the dense canopy,
whereas the more open canopy of the open-forest like formation had areas with moderate groundlayer cover and a low-shrub layer. In all cases, the shrub layer was dominated by tall shrub and tree canopy species. A feature of the pre-1999 schemes was the co-dominance of Acacia species and the invasive weed vine species Lantana camara. In contrast, the post-2000 areas of 6-7 years old exhibited some stratification with shrub and ground layers and separated canopies of incipient Eucalyptus tree layer growth.
The tall-forest structural formation of the reference ridge-top/upper-slope jarrah forest type is given in Table 8 . For the rehabilitated area containing Plot 117, the derived structural formation classes in Table   9 indicate that the rehabilitated forest at Huntly Mine over a 15 year period is developing towards a forest-like structure. In contrast to the other two rehabilitation examples, there was no indication that the rehabilitated area had stalled at the scrub stage despite a number of species Acacia being part of the main canopy assemblages. This is probably attributable to the practice of using lower seeding/planting densities than at the other examples. Hence, the rehabilitation might be expected, with further growth, to achieve an open/closed tall forest structure similar to the target types. 
Discussion
It should be noted that the following is drawn from rehabilitation schemes established one or two decades ago and may need to be tempered by subsequent changes in practice as knowledge and experience has accumulated. (Humphries, 2013a) .
Given that the native forest rehabilitation examples considered here are very recent in forest development terms, this 'snap-shot' in time is only representative of the early developmental stages of the long-lived woody species and excludes the recruitment and death/decay stages of many of the dominating shrub species. In this context, proper assessments can only be a matter of extrapolation and speculation without longer term evidence incorporating species' life cycles and replacements. To this extent, as pointed out by Norman et al. (2006) and , the currently used predictive criteria and short monitoring time frames are unlikely to be sufficient in the assessment of rehabilitation success.
All three of the examples examined had been restored to a landform broadly similar to the premining topography and spread with recovered topsoil. Whilst other restoration practices were not included in the examples examined, it is likely that the general principles identified in this study are applicable, although different vegetation and dynamics are involved.
Species Composition
It is evident that woody vegetation comprising several native tree and shrub species can be readily established on the former surface mine sites in the relatively benign sub-tropical conditions of south-eastern Queensland and the Mediterranean climate in the southwest of Western Australia when the topsoil is replaced. However, it has often been pointed out that the vegetation established on rehabilitated sites generally differ to varying degrees in their similarity to 'native' target assemblage types (Norman et al., 2006; Koch, 2007b; Herath et al., 2009; Doley, et al., 2012) . At the three sites examined in this study, this can largely be explained simply by the fact that a mixture of species associated with several communities and non-typical species have been sown or planted.
As observed by Koch (2007b) , Gravina et al. (2011 and Unpublished b) , and others such as Mulligan et al. (2006) , the vegetation subsequently establishing over the 20 or so years of monitoring taken place usually reflects that sown and planted.
In the earlier years of rehabilitation practice it was not unusual to include exotic non-native or non-local species as a means of ensuring a vegetation cover was achieved. In more recent years, with the improvement of establishment and site preparation practices, the species composition was often a function of availability and ease of propagation and establishment. In many cases the quality and character of the reference/target vegetation types is differentiated by the presence of small shrub and ground flora (forb, grass, and fern species), as well as the main tree canopy species.
Here, their presence is of importance for the development of specific rehabilitated vegetation communities and in particular for their resilience following disturbance such as fire. However, even the more recent schemes were reported to have an incomplete or sparse understory flora even though the species had been introduced Smith and Nichols, 2011; Gravina et al., Unpublished b; Neldner and Nguni, 2014) . In contrast to the sand and coal sites, the over-and understory composition on the Huntly Mine rehabilitated areas were more complete and persisted (Koch, 2007b; Koch and Samsa, 2007) .
Structural Development
The time-based data examined for the mineral sands and coal mine rehabilitation showed that the trend in early structural development of the target forest and woodland was typically a dense and largely closed-scrub formation made up of a few dominant tall shrub species. As would be expected, the resulting vegetation communities, at least in the short term of 10-20 years, were notably different to the locally occurring native stands, which are unlikely to have exhibited high canopy densities during forest regeneration. In contrast, the developing stands on the more recent bauxite rehabilitation exhibited more open-shrubland and low-woodland structures which facilitated the persistence of the lower-canopy and ground flora. For example, it was observed on a visit by the Author to areas rehabilitated for 10-20 years at the Meandu Mine in September 2014
that the small-shrub and ground flora were excluded from areas of dense canopy, but occurred in areas where there had been either a failure to establish a shrub canopy or at the edges of planting such as along the forestry fire breaks.
Historically, there has been a focus on the achievement of high stem densities for compliance purposes, irrespective of the composition and structure of the target forest/woodland types. This appears to be a legacy of earlier concerns by both the practitioners and the regulators for a sufficient density of tree and tall shrub species to establish from seed for adequate erosion control, or as in the case of the coal and bauxite mines, there were sufficient trees for timber production purposes. In both the relatively benign Australian sub-tropical and Mediterranean climatic conditions, these early concerns seem not to have been realised wherever the topsoil had been replaced and good restoration practices were implemented (as establishment from seed and/or nursery planting generally readily takes place during favourable weather conditions).
In the absence of reducing sowing and planting densities or the thinning of the canopy layer, the outcome will be dense stands of woody vegetation dominated by mainly quick-growing shrubs and middle-canopy tree species (which exclude the slower-growing tree canopy and low-shrub and ground-cover structural formation species). Given that in the older schemes at the mines on North
Stradbroke Island and the Meandu Mine the dominant and relatively short-lived woody species are now beginning to die back after 20 or so years, there has to be uncertainty in the predicted trajectory of future vegetation development in the absence of recruitment, replacement cohorts, and the low density of other tree and shrub layer species. In addition, the high fuel load of the woody stands carries a high risk of intense fires occurring, as has already occurred on North Stradbroke Island Smith and Nichols, 2011) , with similar consequences as die-back through ageing.
For For the bauxite rehabilitation, there is greater confidence given that the structural development is towards a forest formation, so much so that the agreed predictive monitoring is currently only necessary after 9 and 15 months of establishment, thereby negating further long term commitment to monitor (Grant, 2006; Koch, 2007a) . However, whilst this may account for the early stages of development, the longer term ecosystem processes of replacement cohorts remains to be demonstrated as discussed further below.
Attainment of Target Forest Ecosystems
Taking the above findings for the mineral sand and coal rehabilitation schemes established some 10 to 20 years ago, the implied trajectory towards the attainment of the target forest ecosystems is not as anticipated by the adopted predictive criteria. This is because the development of the forest structure, in the short term, has 'stalled' as a scrub formation owing to the dense canopy of tall competitive shrub/small tree species. This has had the concomitant effect of excluding high-forest species as well as characteristic small shrub and ground flora associated with the respective target ecosystems. The same tendency for dominance by some species of tall shrubs has also been reported for mineral sand rehabilitation in Western Australia (Herath et al., 2009 ).
In contrast, the bauxite rehabilitation examples of a similar age were displaying the anticipated trajectory traits towards the attainment of the target forest ecosystems irrespective of the use of the non-structural predictive criteria (Grant, 2006) . It was evident from the monitoring data and a subsequent site visit in September 2014 that a forest structure was developing with the growth and development of the high-forest tree species, along with the persistence of the characteristic small shrub and ground flora associated with the target ecosystems. Earlier examples of bauxite rehabilitation had seemingly exhibited similar trends as the sand and coal examples referred to above. The later bauxite rehabilitation schemes had incorporated changes in rehabilitation practice whereby sowing density of competitive shrub/small tree species was reduced or the species excluded, along with an emphasis on establishing the characteristic species (Grant, 2006; Grigg, 2012) . This approach has continued with further refinements.
Latterly, as was witnessed during a site visit in August 2014, a similar approach to reducing competition and increasing the persistence of characteristic species has been adopted in the more recent rehabilitation at the Meandu Mine. Consequently, the initial structure and persistence of the initial composition at establishment is seemingly being achieved as in the bauxite rehabilitation. It appears from the review of Smith and Nichols (2011) that a similar approach is likely to have been adopted for the more recent mineral sand mine rehabilitation on North Stradbroke Island. Alternatively, intervention, in the form of burning or thinning, during the development of the forest structure and composition has been tried and deployed as a means of reducing competition and maintaining composition with varying degrees of success (Harwood and Corbett, Unpublished b; Harwood, et al., Unpublished; Grant, et al., 2007; Grigg and Grant, 2009; Gravina et al., 2011, Smith and Nichols, 2011; Grigg, 2012) .
However, in all cases the attainment of the targeted composition and associated structural formation need not necessarily lead to the functional rehabilitation of the ecosystem. This requires the exhibition of not only growth and maturation, but death and decay along with recruitment and replacement of the component species as evidence of the cyclic and dynamic nature of forest ecosystems (Humphries, 2013a; Král et al., 2014) . Given this fundamental characteristic of sustainable ecosystems and the time-sequences involving many decades, it is of no surprise that this evidence is unlikely to be currently available for compliance and decision-making purposes.
Adopting the 'predictive' approach, evidence such as maturation of component species to seed production/clonal propagation along with the presence of seedlings/clonal spread and their growth and maturation may reduce this, but may still remain too distant in the future. Consequently, reliance will have to be based on the historical evidence for regeneration from much earlier examples of rehabilitation and this should be investigated. At present, the predictive criteria of vegetation structural formation, species recruitment, and replacement are obvious omissions (with respect to the rehabilitation of ecosystem function and sustainability). These matters need to be addressed wherever evidence-based restoration is applied to mine consents (Humphries, 2013b) ;
otherwise it may be a matter of faith as has been pointed out by Powter (2014) .
Finally, from the above perspective, given that insufficient time has yet lapsed for forest maturity and recruitment for community renewal, it is evident that the 'jury is still out' in respect of whether in the longer term development continues to accord with that of the Initial Floristic
Composition Model (Koch, 2007b; Norman et al., 2006) , rather than any other successional or ecosystem models (Humphries, 2013a) .
Conclusions
Whilst only three examples were examined and have limitations in the amount of accessible information available for this paper, sufficient insight has been gleaned to provide several lessons that are likely to be of use in the planning, management, and evaluation of woody vegetation rehabilitation schemes in Australia and elsewhere.
The first and key lesson arising from the examination of monitoring data for the three examples of mine rehabilitation in Australia is that structural formation is of considerable importance in establishing the predicted trajectory of the developing forest/woodland. Yet, it is a metric that is commonly omitted from agreed monitoring schemes and their predictive criteria. As has previously been suggested, other criteria than those currently used are needed to determine if the rehabilitation is to be assessed to be achieving the specified target forest types and their ecosystems. The assessment of structural traits and species composition enables this as well as providing evidence of ecosystem function and sustainability in the form of life-cycle (age-class) composition and the concomitant replacement cohorts.
Secondly, practitioners and regulators should ensure attention is given to the initial seed and planting mixtures and densities so that they are representative of the targeted plant community compositions, and hence, ultimately their structural formations. The evidence suggests that whatever is initially sown or planted, at least in the first generation, determines the type of vegetation community establishing. Hence, consideration needs to be given whether they are 'pioneer' or 'late' forest species, native or invasive/exotic species.
Thirdly, they should also ensure the provision for proactive intervention and management where it is evident that structural development is diverging from the target type. For example, the 'stalling' of development at the closed scrub stage (typically between 10 and 20 years owing to the short life-span of the dominant species) is indicative of the need for intervention. Intervention, and possibly repeated intervention over a 10-20 year cycle, may be necessary to adjust the initial composition and structure to attain sufficient similarity with the reference or target types as the forest develops and matures. Hence, an assumption that target types are attainable just by seeding and planting without further measures and action should be challenged. Otherwise, it is only too evident that different vegetation communities and structural formations to that intended could be the outcome.
Fourthly, the same ecological and ecosystem processes are likely to be involved irrespective of the mineral being mined and climate where the surface mining and reclamation processes are similar; such as the replacement of the pre-mining soils in a similar topographic context. The fact that the outcomes were similar in the three examples examined, suggests that vegetation structural
formations (e.g., forests, grassland, heaths) might be overarching models enabling lessons, such as those discussed in this paper, to be globally applied.
